Superplastic behavior of a 7055 aluminum alloy
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Abstract

It is shown that a high strength 7055 aluminum alloy with partially recrystallized initial structure ex-
hibits superplastic behavior in the temperature interval 400490 °C within a wide strain rate range from
8.3 x 107 to 3.3 x 1072 s~!. Maximum total elongation of about 960% and strain rate sensitivity coeffi-
cient, m, of 0.6 were obtained at a temperature of 450 °C and a strain rate of 3.3 x 107 s71. © 2001 Acta
Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

Aerospace industry has a great interest in developing new high strength aluminum
alloys. Aluminum alloy 7055 is a major candidate for such applications [1]. This alloy
can be widely used instead of 7475 aluminum alloy. The perfect strength characteristics
of 7055 alloy combine with sufficiently high fracture toughness, fatigue and corrosion
resistance, ductility, which significantly exceed those of 7475 alloy. These advantages
make efficient its application as structural material for upper wing elements. The 7055
alloy also exhibits excellent formability during conventional forging and extrusion, at
elevated temperatures. In the same time, a low formability of sheets restricts the use of
the 7055 alloy.

Superplastic forming (SPF) is an attractive manufacturing process which allows
producing complex sheet-metal components. Developing a superplastic 7055 alloy
would be useful for applications in fuselage skins or for other thin-walled components.
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Superplastic potential of aluminum alloys is critically dependent upon grain size, sta-
bility of fine grains at high temperature, and cavitation during SPF [2,3]. Microstruc-
ture suitable for SPF can be developed through thermomechanical processing (TMP).
The phase composition of the 7055 alloy permits the use of overaging to develop large
secondary precipitates (~1 um) prior to cold rolling. Fine-grained microstructures can
be formed by particle stimulated nucleation process during following recrystallization
annealing [4,5]. This concept may be applied to make the 7055 alloy superplastic.
Superplastic deformation of the 7055 alloy, however, has not been yet reported, sys-
tematically. The aim of this study is to report the superplastic behavior of the alloy
subjected by a TMP. A specific attention will be paid to microstructure evolution and
cavitation during superplastic deformation.

Experiments

The 7055 aluminum alloy with a chemical composition of Al-8.2%Zn-2.1%Mg—
2.2%Cu-0.2%Zr (in wt.%) was manufactured by direct chill casting. The alloy was
homogenized at 470 °C for 24 h and, subsequently, a two-step TMP was used for grain
refinement.

(1) The 7055 alloy was rolled with a 70% reduction at 410 °C, followed by recrystal-
lization annealing at 450 °C in salt bath for 1 h, and then quenched in water.

(i1) Next the overaging was performed at 410 °C for 4 h with a slow cooling to room
temperature, followed by cold rolling with a 80% reduction. Final recrystallization
annealing was carried out at 450 °C in a salt bath for 1 h.

Tensile tests were performed at temperatures ranging from 400 to 490 °C and strain
rates ranging from 8.3 x 107® to 8.3 x 1072 s~'. An Instron universal testing machine
(Model 1185) equipped with a three-zone split furnace was used. Temperature accuracy
was within +2 °C. The values of the strain rate sensitivity, m, were determined by strain-
rate-jump tests [3].

Samples for metallographic examinations were prior electropolished using a
10%H,Cl0, solution in C;HyOH. Microstructures were revealed by etching with the
standard Keller solution. Metallographic analysis was carried out using a Neophot-32
microscope and an Epiquant automated analysis equipment. The mean grain size was
determined from measurements of more than 300 grains in longitudinal and transverse
direction. For TEM examinations, samples were thinned to about 0.25 mm. Discs with
3 mm diameter were cut and electropolished to perforation with a Tenupol-3 twinjet
polishing unit using a 20% nitric acid solution in methanol at —30 °C and 15 V. The
thin foils were examined using a Jeol-2000EX TEM with a double-tilt stage at an ac-
celerating potential of 200 kV.

Cavitation was measured in samples deformed to various strains using the standard
point-count technique.
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Fig. 2. Effect of temperature (a) and strain rate (b) on true stress—true strain curves for the 7055 Al.

a sharp stress peak, the flow stress decreases extensively until fracture at lower tem-
perature (Fig. 2a) or at higher strain rates (Fig. 2b). Increasing temperature or de-
creasing strain rate leads to the shift of the peak stress to a higher strain. In contrast, a
stress oscillation of flow curves appears at high temperature or at low strain rate. The
stress oscillation is accompanied with a gradual strain hardening at high strains. Am-
plitude of stress oscillations tends to increase with strain. A transition from one to
another type of true stress—true strain curves occurs at around 450 °C and ¢=
1.7 x 107 571,

The flow stress at a strain of 0.34 is plotted as a function of strain rate on a double
logarithmic scale in Fig. 3a. A sigmoidal relationship is observed between stress and
strain rate, especially at high testing temperatures, indicating three well-known defor-
mation regions [2,3]. Fig. 3b and c represent variation of strain rate sensitivity, m, and
elongation-to-failure, ¢, with strain rate, respectively. At 450 °C, the maximum elon-
gation-to-failure of 960% with a corresponding highest value of the strain rate sensi-
tivity, m, of 0.6 was found at ¢ = 3.3 x 10~* s~! (Fig. 3b and ¢). Both total elongation as
well as m values tend to reduce on either side of this strain rate. It is concluded,
therefore, that the present 7055 alloy behaves as a typical superplastic material in the
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Fig. 3. Variations of flow stress (o) (a), coefficient of strain rate sensitivity () (b) and elongation-to-failure (6) (c) with
strain rate.



temperature range 425-490 °C [2,3]. Notably, the total elongation exceeds 400% in the
strain rate range 8.3 x 107°-8.3 x 10~ s7!, and decreases at higher strain rates at
450 °C (Fig. 3c). For example, at ¢ = 8.3 x 1072 57! the total elongation is only 150%
despite of similarity in m values. It is caused by the fact that elongation-to-failure de-
pends on uniformity of plastic flow which tends to growth with increasing both the
strain rate sensitivity as well as strain hardening [3]. Strain softening yielding strain
localization at the high strain rates and the low temperatures results in reduced plas-
ticity resource.

Tensile elongation-to-failure at ¢ = 1.7 x 107 s7! is plotted as a function of tem-
perature in Fig. 4. The maximum elongation occurs at around 450 °C and tends to
reduce with increasing or decreasing temperature. Note, that at 490 °C, the elongation-
to-failure of 120% corresponds with the largest value of the coeflicient m equal to 0.7.
This fact can be interpreted in terms of partial melting of the 7055 alloy at this tem-
perature [6].

It is worth noting that the m value tends to decrease continuously with strain (Fig. 5).
For instance, at 450 °C and at ¢ = 1.7 x 10~* s7!, the coefficient of strain rate sensitivity
drops from m = 0.58 at e = 0.34 to m = 0.32 at ¢ = 2.

1

Microstructural evolution

The microstructural evolution of the 7055 alloy was examined under conditions of
static annealing (grip section) and superplastic deformation (i.e. dynamic annealing in
gauge section). Grain sizes observed from static annealing, L;, dynamic annealing, L,
and grain aspect ratio (AR), are summarized in Tables 1 and 2. The samples were
deformed up to ¢ =1.1 and up to failure in the temperature range 400-490 °C at
a strain rate of 1.7 x 1073 s7!. It was found that static annealing and superplastic
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Fig. 4. Tensile elongation as a function of deformation temperature (¢ = 1.7 x 1073 s71).
Fig. 5. Effect of strain on the coefficient of strain rate sensitivity at 450 °C and & = 1.7 x 107% s71.



Table 1

Average grain sizes, L; and L, after static annealing and superplastic deformation (i.e. dynamic annealing) and volume
fractions of recrystallized and unrecrystallized structures in the samples strained up to ¢ = 1.1 at a strain rate of
1.7 x 1073 57! under various temperatures

T =400 °C T =425°C T =450 °C T =470 °C

L (pm) 11.2 11.5 11.7 12.3
Volume fraction of unrecrystallized regions 24 22 21 14
after static annealing
Ly (pm)*
Recrystallized regions 12.3/9 16/11.2 19.1/14 14/11.3
Unrecrystallized regions 5.6/5.3 7.5/6.1 8.6/6.2 -
Volume fraction of unrecrystallized regions 22 21 12 -

after superplastic deformation (%)

#Numerator and denominator are grain sizes measured in the longitudinal and transverse directions, respectively.

Table 2
Average grain sizes, L; and Ly, after static annealing and superplastic deformation for the samples strained up to failure

at a strain rate of 1.7 x 107> s7! and at different temperatures

T =400 °C T =425 °C T =450 °C T =470 °C T =490 °C

Local strain in the area e=15(.1) e=1901.4) e=2101.7) e=2(1.6) e=09(0.7)
examined, (the period of
equivalent exposure time /)

L, (ym) 11.2 137 14.0 15.0 14.9
Ly (um)* 14.4/9.1 15.4/12.0 17.7/13.0 19.7/16.0 17.6/13.9
AR of grains 1.58 1.28 1.36 1.23 1.26

#Numerator and denominator are grain sizes measured in the longitudinal and transverse directions, respectively.

deformation result in different microstructural changes at all temperatures examined.
Static annealing leads to a slight decrease in the volume fraction of the unrecrystallized
regions, and also a grain growth takes place in the recrystallized regions (Fig. 6a, Tables
1 and 2). There is almost no change in the crystallite size in the unrecrystallized regions.
It is apparent from Fig. 6b and c that superplastic deformation results in gradual
transformation of subgrains in the unrecrystallized regions into grains surrounded
by high angle boundaries. The latter can be evident from enhanced contrast of etched
boundaries of crystallites. In addition, this conclusion was supported by data of ori-
entation imaging microscopy which will be presented in future. A temperature increase
accelerates this process. Volume fraction of unrecrystallized structure at a fixed strain
decreases with increasing temperature (Table 1). An evidence for unrecrystallized
structure was found at e < 1.1 in the temperature range 400-450 °C (Fig. 6b and Table
1). With further deformation the unrecrystallized structure almost disappears (Fig. 6c
and Table 2). At higher strains, only grains surrounded by high-angle boundaries are
observed. At 470 °C, no unrecrystallized structure was observed after e = 1.1.
Superplastic deformation results in a grain elongation along the tension axis, and a
grain growth takes place in the both recrystallized and unrecrystallized regions. The






apart from the fracture surface. The majority of large cavities was observed to grow
along the tensile direction and to show an irregular and jagged shape (Fig. 6d) sug-
gesting plasticity-controlled cavity growth [7]. These pores comprise chains along
boundaries separating the two regions. Cavity interlinkage was also found in the
transverse direction. Notably the average size of cavities tends slightly to reduce with
strain, although it is quite unusual. In the temperature range 400-490 °C the volume
fraction of porosity increases with increasing temperature from 1.5% at 400 °C to 9.8%
at 450 °C in the samples strained up to failure (Table 3). Further increasing temperature
leads to a decrease in the volume fraction of cavities to 5.5% at 470 °C. An extensive
cavitation occurs during deformation at 490 °C.

The present experimental results can be summarized as follows. A partially recrys-
tallized structure consisting of grains with a mean size of 11 um and recovered sub-
grains with a mean size of 2 um was produced in the 7055 alloy by the two-step TMP.
The 7055 alloy with such microstructure exhibits superplasticity in the temperature
interval 400-490 °C with a maximum total elongation of 960% and the coefficient
m=0.6 at 450 °C and ¢ = 3.3 x 107* s~!. At this temperature, the optimal interval
of superplasticity occurs at 8.3 x 1075-8.3 x 10~* s~!. Such superplastic properties are
superior to those of commercial aluminum alloys. Continuous dynamic recrystalliza-
tion occurs during superplastic deformation and provides transformation of subgrain
structure into granular structure in the unrecrystallized regions. The 7055 Al exhibits
unusual cavitation behavior.
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